Abstract. There is great interest in the development of automatic geometric correction systems for satellite images. A fully automatic system, based exclusively on the identification of tie points (image to image control points) by image matching needs to use efficient selection and validation methods. Four Tie Point Suitability Indices (TPSI) are proposed to select the most suitable areas in an image to search for tie points. Three tie point validation parameters are also proposed. The validation parameters make use of the various spectral bands available in hyperspectral and multispectral satellite images. The proposed TPSIs and validation parameters were tested with hyperspectral high-resolution satellite images from the CHRIS/PROBA sensor.
Introduction
The manual registration and geometric correction of satellite images is a laborious and time-consuming task. The increasingly wider access to satellite images prompts an interest in the development of algorithms for the automatic or semiautomatic geometric correction of these images. As long as the images have certain similarities, it is possible to implement a fully automatic geometric correction system based on the identification of tie points (image to image control points) by image matching. The tie points are used to establish a transformation function between the input and the base or reference image, which once applied performs the geometric correction of the input image. In order for this process to be effective, a significant overlap (over 50%) between the two images is required. However, even two images of the same place acquired by the same sensor, on different dates or with different viewing conditions, often look very different. This causes difficulties for a fully automatic geometric correction system based on automatic identification of tie points. One possible way to tackle this problem is to separate the image transformation process in two parts. Initially, a set of candidate tie points is searched for, but only a subset of trustable tie points are used to establish a first order (affine) transformation function. The second step consists of searching for a new set of tie points, but limiting the search to a small window centred on the locations predicted by the affine transformation.
This methodology is strongly dependent on the ability to select the right candidate tie points that are used to establish the affine transformation function. The purpose of this work is to propose a methodology to select and validate tie points identified on hyperspectral satellite images. The method was developed for hyperspectral satellite images from CHRIS/PROBA. CHRIS/PROBA is the first hyperspectral satellite sensor with pointing capabilities and high spatial resolution [1] . A CHRIS/PROBA scene is composed of 5 images with different viewing angles, with fly-by Zenith Angles (ZA) of 55, 36, 0, -36 and 36 degrees [2] . In the most common operational mode, the sensor acquires data with a nominal spatial resolution of 17 meters over the full swath (13 km), with 18 spectral bands from 400 to 1050 nm [3] .
Method
In this section a method to establish a set of candidate tie points is described, and a number of parameters that can be used for a validation criteria proposed.
Tie Point Selection by Image Matching
The tie point selection process is based on image matching by normalized twodimensional cross-correlation in the spatial domain. A target matrix T (of size t, usually small) is established in the reference image and a search window S (of size s, larger than t) is examined in the input image. The convolution between T and all sub-window of S (of size t) is performed, resulting is a set of correlation coefficients, from -1 to 1. The best match will be the pixel of highest correlation in the search window. The MATLAB implementation of the normalized twodimensional cross-correlation function was used in this work [4] .
Tie Point Suitability Indices
The purpose of a Tie Point Suitability Index (TPSI) is to identify the best locations on an image to search for tie points. These locations should have distinct features in order to maximise the chances of a correct selection on the image matching process. For a given target matrix of size t (for example 3 × 3 for t = 3) a TPSI value is attributed to each pixel of the image, thus producing a TPSI image, where the highest values should correspond to the most promising locations to search for tie points. Four TPSI are proposed: Basic (B), Composed (C), Ratio (R) and Prewitt (P ).
For a sub-section of an image of size t (t by t pixels), Hh is the highest possible sum of pixel values, or Digital Numbers (DNs), from two horizontally adjacent pixels, Hv is the highest sum of DNs from two vertically adjacent pixels, and Lh and Lv are the lowest DN sums for two pixels horizontally and vertically adjacent. Figure 1 are presented in Table 1 . The Basic TPSI (B) uses the highest and lowest pairs, regardless of the orientation, to compute an index from 0 to 1, using (1), where H = M ax {Hh, Hv} and L = M ax {Lh, Lv}. The Basic TPSI (B) has high values when the difference between the highest DN pair and lowest DN pair is high. In homogeneous areas the values of B will be low. The Composed TPSI (C), computed by (2), has some similarities with the Basic TPSI. However, the information about horizontal and vertical variability within the matrix is used separately. This index only reaches high values when there is a large difference between the highest and lowest DN pairs both horizontally and vertically.
The Ratio TPSI (R) is computed in a different way from B and C, searching for edges locally. For each pair of horizontally adjacent pixels in the sub-section of the image being tested, the ratio between the absolute difference and the sum of their DNs is calculated. The maximum for all pairs is selected as Rh. The same process is done for all vertical pairs, resulting in the maximum ratio Rv. The Ratio TPSI is obtained by multiplying Rh and Rv. The index only has high values when there are both strong horizontal and vertical edges.
The final TPSI proposed is based on a standard edge detector -the Prewitt operator [6] . The Prewitt TPSI is obtained by the multiplication of the results of 3x3 horizontal and vertical Prewitt operators applied to the input image.
Again, this index will only reach high values when there are strong edges, both horizontally and vertically, within the image sub-section tested.
As an illustration, four 5x5 sections of an image are presented in Figure 1 . These are 5 by 5 pixel sections used to compute the TPSI for the central pixel (t=5). The examples in Figure 1 illustrate different cases: (a) a homogeneous region, (b) a strong vertical edge, (c) a weak and small peak, and (d) an area with two clearly distinct zones, providing both horizontal and vertical edges. The site (d) should definitely be the best choice for a candidate tie point and the second best should be site (c). Sites (a) and (b) are clearly inadequate to find a tie point. The values of the TPSIs for these four image sections are presented in Table 1 . All indices rated site (d) as the best choice, but the TPSIs B and C failed to identify site (c) as the second best choice. These two indices ranked highly the strong vertical edge in site (b).
Tie Point Validation
Initially a spectral band is used to produce a TPSI. A criterion will select which pixels will be used as candidate tie points. For example, the image can be divided into sectors, and the pixel with highest TPSI in each sector selected.
For each pixel selected as candidate tie point in the base image, the matching process will provide a conjugate pair in the input image. This will be the location in the search window where the convolution between the target window and the search sub-window is maximum. However, this will not necessarily be a suitable match, as the presence of clouds, noise, or other similar locations elsewhere might result on the selection of the wrong location. It is important to have a consistent criterion to reject these bad matches. The hyperspectral characteristic of the images can provide additional information to properly identify the correct matches.
A convolution between the target window and the search sub-window, centred on the location selected by the image matching process, is performed in several spectral bands. In this work only 9 bands were used (bands 1, 4, 6, 8, 10, 12, 14, 16 and 18) but more bands could be easily used. Three parameters are considered: (i) the number of bands with a correlation coefficient (r) above 0.95 (N 1), (ii) the number of bands with r > 0.90 (N 2) and (iii) the average of the 3 highest r values (R123). An adequate match will hopefully score high in all 3 parameters while a wrong match should score low in at least one of them.
Results
Three CHRIS/PROBA scenes of the same location were acquired to test the performance of the TPSIs and the validation parameters. The image centre target was a point in Arcos de Valdevez, northwest Portugal, with longitude -8.42 and latitude 41.8. Each image scene includes 5 images (766 by 748 pixels) with different viewing angles, each with 18 spectral bands. Due to the uncertainty in CHRIS/PROBA pointing, the centre might be displaced by as much as 7 km, which is more than half the image size (image swath of 13 km) [1] . This is true both for images acquired on different dates, and for different viewing angle images of the same scene.
Testing Strategy
Five pairs of CHRIS/PROBA images were selected for testing. Table 2 indicates the main characteristics of the images used (ZA-Zenith Angle). The image pairs tested were the pairs formed by the three vertical views (IM1 to IM2, IM1 to IM3 and IM2 to IM3), and the pairs formed between the vertical view and two oblique views for image 1 (IM1 to IM1B and IM1 to IM1C). Figure 2 shows an example of a vertical view image (IM3), the near infrared band 14 (781 nm) [2] . In this image it is easy to distinguish the noticeable feature of the river that crosses the image nearly horizontally, which given its irregularity should provide good locations to search for tie points. For each pair of images, one was selected as base and the other as input image. Between 9 and 15 control points were identified manually for each image pair, which were used to establish first order and second order polynomial transformation functions. The TPSIs B, C, R and P were computed for selected reference bands of the base images. Only bands 1, 6, 10, 14 and 18 were used as reference. As an example, Figure 2 (centre) shows the Composed TPSI (C) produced for IM3 with reference band 14 (the image displayed is C × 2 as the original image has low contrast). The next step is to select a reasonable number of widespread tie point candidates. This goal is achieved by establishing a 5 by 5 grid of nonadjacent sectors. An illustration of this grid is displayed over a TPSI image in Figure 2 (right). For each TPSI image, the pixel with maximum value on each sector is selected as a candidate tie point. The image-matching algorithm is used to select the conjugate pixel on the input image, with a search window size of 251 by 251 pixels. The central pixel of the sub-window with maximum correlation coefficient is selected as the tie point conjugate pair. The correlation between the base and input image for a 5 × 5 window is computed for this pair for all 9 bands. The 3 validation parameters (N 1, N 2 and R123) are also computed.
A tie point provided by the image matching process is evaluated according to the root mean square difference between its coordinates in the input image and those predicted by the second order polynomial transformation function established for the image pair. If the difference was less than 2 pixels the point was labelled as correct, if it was above 5 pixels it was labelled as incorrect, and those pixels with a difference between 2 and 5 pixels were labelled as doubtful. The pixels that the polynomial transformation function projected to a location outside the input image were considered invalid, as no successful matching was possible. Those points were discarded from subsequent analysis.
Reference Band Test
The first test was to evaluate the importance of the spectral band used as reference. The procedure described in the previous section was applied to the image pair IM1 (base) and IM2 (input) using bands 1, 6, 10, 14 and 18 as reference bands. The results are summarised in Table 3 . Only the correct (good) and the incorrect (bad) matches are displayed in the table. For each of the four TPSI the variables tested were the number of tie points, and the validation parameters N 1, N 2 and R123. Ideally one would have a large number of correct tie points and few incorrect tie points. The validation criteria should have high values for correct points and low values for incorrect points. The values underlined in Table  3 correspond to the best reference band for each TPSI, and in bold is the best overall for each parameter tested. For example, the best combination in terms of the number of valid (good) tie points was to use the Ratio TPSI with band 10 as reference. This combination resulted in 16 correct and only 5 incorrect tie points (2 were doubtful and the remaining 2 invalid).
The best scenario for the validation parameters is to have a large difference between the values of good and bad tie points. This is a requirement to make the parameter able to properly discriminate the good and bad (valid or invalid) tie points. The values underlined in Table 3 correspond to the reference bands that proved more efficient in this context. The Ratio TPSI performed best in all 4 parameters tested. The reference band 14 seems to be the most efficient in terms of tie point validation, while band 10 or band 1 are good choices in terms of getting a high number of valid tie points. This might be partially justified by the spectral location of these bands. Band 1 is in the blue part of the visible spectrum (442 nm), Band 10 in the red edge (703 nm) and Band 14 in the near infrared (781nm) [2] . There is considerable scattering by the Earth's atmosphere for low visible wavelengths (particularly blue), which tends to reduce the variability of the surface reflectances in Band 1. On the contrary, the spectral signatures of water and vegetation are clearly distinguishable in the near infrared. However, using near infrared reference bands, it is very likely that some vegetation features are selected as candidate tie points, which will often fail to produce a suitable match due to vegetation change between the two image acquisition dates. Overall, the performance of band 10 as reference band can be considered rather good, except for the validation parameter R123, which has a small difference between good and bad tie points.
TPSI Test
Another test of the TPSI performance was done using the 5 image pairs available. The reference band used was band 10, as this seems to offer a good compromise between the various parameters of interest. The results are summarised in Table 4 , again with only the correct (good) and incorrect (bad) tie points displayed. The underlined values in this Table correspond to the best TPSI performer, for each image pair and parameter. The bold indicates the best performance overall for a parameter. Out of the 20 image pairs and parameters tested, the number of wins was 3 for the Basic TPSI (B), 4 for C, 7 for R and 6 for P . The R and P indices got 2 best overall rates each. Although the results do not seem to indicate a clear favourite, the Ratio and Prewitt indices performed better.
The results in Tables 3 and 4 suggest that a suitable discrimination criteria based on the N 2 value can be established. The results seem to indicate that a threshold of 5 could perhaps be effective to distinguish between good and bad tie points. However, the values presented in these tables are average values, calculated for all tie point candidates labelled as good or bad. A detailed analysis was carried out to investigate if this could be an appropriate discrimination criterion. The results are summarised in Table 5 . The accuracy of this criterion depends on the TPSI index, reference band and the limiting threshold (l) considered, but are generally around 80%. 
Conclusions
The successful implementation of a fully automatic geometric correction system, based on the identification of tie points (image to image control points) by image matching, is dependent both on the ability to identify suitable areas to search for tie points, and to validate the candidate tie points. Four Tie Point Suitability Indices (TPSI) were proposed, which aim to select the most suitable areas to be used as candidate tie points in an image. Three tie point validation parameters were also proposed, which can be used with hyperspectral or multispectral images. The validation parameters make use of the fact that there is a high correlation between the neighbourhoods of correctly matched tie point for a large number of spectral bands. The proposed TPSIs and validation parameters were tested with 5 CHRIS/PROBA hyperspectral high-resolution satellite images. A criterion to distinguish between correct and incorrect candidate tie points was tested, with an accuracy of about 80%. The results are promising but further research is still required in order to establish the most effective TPSI and validation criteria.
